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Anthropogenic oil spills such as the Deepwater Horizon oil spill of 2010 highlight a number of unsolved problems in the areas of oil spill cleanup and remediation, 1-3 efficient detection of oi spill related toxicants in complex environments, 4 and the monitoring and understanding of long term effects of oil spills on complex ecosystems. 5 Current methods used for the skimming or booning of the oil, 6 burning oil on the surface of the water, chemical dispersants to facilitate oil dispersion, 8 and introducing oil-eating bacteria for 9 Many of these methods suffer from potentially serious drawbacks, including the environmental damage from oil burning, 10 the unknown toxicity of and the long-term disruption to the ecosystem from the introduction of non
In recognition of these problems, newer environmentally en developed by several research groups, including the synthesis of hydrophobic materials, including thermally reduced graphene, a sponge, and porous materials In recognition of these problems, newer environmentally-friendly , including the synthesis of new hydrophobic materials, including thermally reduced graphene, a sponge, and porous materials. [13] [14] [15] We have developed a new approach for the cleanup of oil spills in marine environments that focuses on the removal of aromatic toxicants such as polycyclic aromatic hydrocarbons (PAHs). 16 The removal of PAHs is particularly important because many of these compounds are known carcinogens or pro-carcinogens, 17 including the Class I carcinogen benzo[a]pyrene (Chart 1, compound 3). 18 This approach uses commercially available, non-toxic γ -cyclodextrin to bind
PAHs and extract them from complex oils. Following the extraction, the PAHs are detected using cyclodextrin-promoted energy transfer to a high quantum yield fluorophore (compound 4);
analogous energy transfer has already been established as an efficient method for toxicant detection in multiple complex environments. [19] [20] [21] [22] Other research groups have also reported the use of cyclodextrin derivatives to extract PAHs from complex environments, including from contaminated soil 23, 24 and river sediments. 25 Previous research in our group focused on the use of γ -cyclodextrin for the extraction and detection of PAHs from motor oil, vegetable oil, and vacuum pump oil. Shortcomings of this method included the moderate extraction efficiencies observed using γ -cyclodextrin, as well as the use of commercially available oils rather than oils that had been collected from contaminated marine environments. Oil collected from oil spills (termed "oil spill oil") is more complex than the commercially available oils previously investigated, with a broad distribution of alkanes, aromatic compounds, and insoluble polymeric components. 26, 27 These oils also contain many oxidized PAH derivatives as a result of the exposure of the oil to oxygen-rich environments. 28 Some crude oil spontaneously forms tar balls, which are oil-containing spheres formed from both oil spills as well as from naturally occurring oil sources. 29 The degradation and oxidation of toxicants in tar balls has been shown to differ from that of toxicants found in bulk oil samples. 30 Reported herein is the use of a wide variety of cyclodextrin derivatives (α -cyclodextrin, β -cyclodextrin, methyl-β -cyclodextrin, 2-hydroxypropyl-β -cyclodextrin (2-HPCD), and γ -cyclodextrin) to extract and detect aromatic toxicants from motor oil, oil spill oil, and tar balls.
The extraction and detection efficiencies depend both on the identity of the oil and on the cyclodextrin host. The aromatic small molecules extracted with cyclodextrin include highly toxic PAHs, polar oxidized PAH metabolites, and a variety of other toxicants that have been found in such complex matrices. 31 The ability of cyclodextrin to extract multiple classes of toxicants simultaneously provides a significant operational advantage in the environmental remediation of polluted marine environments. The addition of cyclodextrin to the aqueous solutions has the potential to alter this partitioning between the aqueous and oil layers, because cyclodextrins have been shown to bind PAHs and other aromatic analytes with high efficiencies. 40, 41 For the motor oil-buffer solutions, the addition of γ -cyclodextrin and 2-HPCD led to a substantial increase in the amount of photophysically active compounds extracted into the aqueous layer (from 24.0% in PBS to 33.6% and 34% for 2-HPCD and γ -cyclodextrin respectively), which is consistent with the known ability of these cyclodextrins to bind PAHs. Other cyclodextrin derivatives, including β-cyclodextrin, methyl-β-cyclodextrin, and α-cyclodextrin, have cavity sizes that are too small to bind many PAHs, and their addition had no effect on the oil-water fluorescence ratios (Table 1) . For the oil spill oil-aqueous mixtures, the addition of both 2-HPCD and γ-cyclodextrin Energy transfer in the aqueous layer was measured for al some key results are summarized in Table   Table 2 . Energy transfer efficiencies in the Energy transfer in the aqueous layer was measured for all cyclodextrin-oil combinations, and some key results are summarized in Tables 2-5. . a All values represent an average of at least 3 trials For oil spill oil, the observed energy transfer efficiency with undoped samples in the absence of any cyclodextrin was fairly high, and the addition of β -cyclodextrin and methyl-β -cyclodextrin led to decreases in the observed energy transfer efficiencies (energy transfer efficiencies of 30%
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and 24% for β -cyclodextrin and methyl-β -cyclodextrin, respectively, compared to 50% in the absence of any cyclodextrin) ( Table 2 ). The addition of larger cyclodextrins (i.e. 2-HPCD and γ -cyclodextrin) caused a substantial enhancement in the observed affinities. The large degree of cyclodextrin-free energy transfer is consistent with our previously reported results that showed cyclodextrin-free association in many complex environments. 19 In these aqueous extracts, PAH For oil collected from tar balls, a modest energy transfer efficiency in the cyclodextrin-free solution was observed in undoped samples, and this efficiency was somewhat enhanced by the addition of most cyclodextrin derivatives by 8-10 percentage points (Table 2) , with only β -cyclodextrin leading to a slight decrease in the energy transfer efficiencies. The most likely explanation for this scenario is that cyclodextrins facilitate the association of the aromatic toxicants with fluorophore 4. This facilitated association can either occur via the formation of a ternary complex in the cyclodextrin cavity (as has been demonstrated for γ -cyclodextrin [20] [21] [22] 44, 45 and 2-HPCD 46 , 47 ), or via association of one of the two energy transfer partners outside the cyclodextrin cavity (a more likely scenario for the smaller cyclodextrin derivatives).
In aqueous extracts from motor oil, the degree of cyclodextrin-free energy transfer varied depending on the identity of the doped analyte, with analytes 2 and 3 demonstrating substantially higher degrees of cyclodextrin-free energy transfer compared to analyte 1. This is consistent with our previously reported results that demonstrated that analytes with large hydrophobic surface areas are most likely to engage in cyclodextrin-free association and cyclodextrin-independent energy transfer. 19 The energy transfer efficiencies were most improved by the addition of 2-HPCD and γ -cyclodextrin, with 73% and 74% efficiencies observed using γ -cyclodextrin and 2-HPCD, respectively. These results are consistent with the known ability of these cyclodextrins to form ternary complexes that promote proximity-induced energy transfer. 48 The results in Table 2 highlight the ability of cyclodextrin to remove aromatic toxicants from both oil spill oil and tar ball oil. These experiments, conducted without doping a particular PAH into the complex mixture, involve the cyclodextrins extracting a wide range of toxicants from the complex oils, including PAHs, PAH metabolites, and other aromatic moieties. Overall, the results reported herein highlight the potential of cyclodextrin derivatives to promote the efficient extraction of small-molecule toxicants from oil spills, as well as their subsequent detection via energy transfer to a high quantum yield fluorophore. This system has a number of notable advantages, including:
(1) In contrast to our previously reported results that demonstrated modest extraction efficiencies using γ -cyclodextrin to extract PAHs from motor oil, vegetable oil, and vacuum pump oil, we report herein substantially improved extraction efficiencies using a variety of cyclodextrin derivatives to extract aromatic toxicants from oil spill oil and tar ball oil, with up to 72% of the aromatic toxicants found in the cyclodextrin-containing aqueous layer, compared to our previously reported best of 34% aromatic analytes in γ -cyclodextrin-containing aqueous layer extracted from motor oil. Oil collected directly from oil spill sites and oil isolated from tar balls have different physicochemical profiles compared to motor oil, vegetable oil, and vacuum pump oil, as a result of the weathering process that promotes substantial oxidation of the aromatic toxicants. 5 Environmental remediation of oil spill oil and tar ball oil from polluted marine environments is substantially more relevant for environmental disaster efforts than the remediation of commercially available oils, and the results reported herein indicate that using a variety of cyclodextrin derivatives enables the efficient extraction of toxicants from these complex oils.
(2) The cyclodextrin-based extraction followed by detection system reported herein provides a rapid method to remove toxicants from oil spills and to confirm that photophysically active analytes were removed via fluorescence energy transfer, which is a useful tool in disaster response efforts. In many oil spill situations, the precise identification of each toxicants is less crucial than the ability to remove as many toxicants as possible as quickly as possible and confirm such removal. Using cyclodextrin derivatives to enhance the extraction of photophysically active compounds from the oil layer to the aqueous layer, as demonstrated herein, provides a practical method for such environmental detoxification, and monitoring the overall fluorescence of the extracted analytes provides a rapid method to assay the efficacy of such detoxification procedures.
CONCLUSION
In conclusion, the results reported herein demonstrate that cyclodextrin-based systems can be used for the efficient extraction and detection of aromatic toxicants from real-world oil samples collected at the sites of oil spills. The system uses a number of commercially-available, non-toxic cyclodextrin derivatives to optimize extraction and detection procedures for each oil sample investigated, and demonstrate that our previously-reported results are generally applicable for the cleanup of oil-contaminated marine environments. These results also pointed to the potential of using multiple cyclodextrins simultaneously for the cleanup of a single oil system, with the cyclodextrins that are optimal for extraction of PAHs, binding of the fluorophore, and promotion of efficient energy transfer combined into a single high-performing, multi-cyclodextrin system.
Research in this direction is currently underway in our group, and the results to date support this idea. The full results will be reported in due course. 
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